The effect of unsubstituted deoxyhexoses, 2-deoxy-D-glucose (2-DG) and L-fucose, on tumor cells has been reported in several papers throughout the last decades. That of a similar deoxysugar, L-rhamnose, which is synthesized in bacteria and plants but not in animal cells, has until today not been explored. In the present study, we examined the effect of L-rhamnose on DNA and protein synthesis, growth and the potential induction of apoptosis of tumor cells in vitro. Using 2-DG for comparison, we studied the effect of L-rhamnose in concentrations up to 20 (32 resp.) mmol/l on the initial velocity of the incorporation of labeled precursors of DNA and proteins in short term cultures of both mouse Ehrlich ascites tumor (EAT) and human HL-60 cells in vitro, and further, on cell proliferation and apoptosis induction in HL-60 cells. Neither cytotoxic nor cytostatic effects of L-rhamnose were observed with the exception of slightly pronounced inhibition of DNA synthesis in EAT cells. From the lacking inhibition of the protein synthesis it can be considered that L-rhamnose does not interfere with energy metabolism, at least not in a similar manner as 2-DG.
Introduction
In the last decades, the possible effects of unsubstituted deoxyhexoses on tumor cells and their use in cancer treatment have been discussed. Above all, 2-deoxy-D-glucose (2-DG) and L-fucose have been studied in numerous works both in vitro and in vivo. 2-Deoxyglucose is a synthetic glucose analogue that inhibits phospho-hexose isomerase in the initial stage of glycolysis (29, 33) and induces glucoseregulated stress affecting tumor cells in particular (9, 42) . The inhibitory effect of 2-DG on tumor growth has been reported in both in vitro (43) and in vivo (5, 10) studies. Glycolysis inhibition and resulting energy depletion trigger apoptotic cell death. The mechanisms include inhibition of phosphatidylinositol 3-kinase/Akt signaling (35) , increased production of reactive oxygen species, interference with MAPK pathways and stabilization of p53 (19) . Corresponding to this, 2-DG was found to induce cell death by the activation of apoptosis (1) . Regardless of the mechanism which triggers apoptosis by either intrinsic (mitochondrial) or extrinsic (receptor) pathways, the apoptotic cells can be recognized by specific morphological changes: membrane blebbing, condensation, fragmentation of nuclear DNA, cleavage of nuclear proteins (e.g. lamin B) and formation of apoptotic bodies.
L-fucose (6-deoxy-L-galactose) is the only endogenous deoxyhexose known in humans. Although a research group reported the effect of intravenously administered L-fucose on the size of a rat solid mammary adenocarcinoma in vivo (25, 41) as well as the efficacy of this deoxysugar in vitro (21, 24, 28, 40) , no significant cytostatic potency of single L-fucose in vitro or L-fucose monotherapy has been confirmed in the recent literature. However, it has been noted that L-fucose enhances the cytolytic activity of immune system effector cells and the production of cytokines like interleukin 2 and tumor necrosis factor α (30). It is well documented that altered fucosylation plays an important role in the pathogenesis of malignant tumors (3, 11, 12) . A potential antimetastatic effect of L-fucose and L-fucose containing oligosaccharides was reported as well (26) .
In nature, there is another deoxyhexose -L-rhamnose (6-deoxy-L-mannose) -similar to deoxyglucose. It is synthesized largely in plants and bacteria but not in animal cells (7) . Since L-rhamnose can serve as substrate for L-fucose kinase (8) , which catalyzes the first step in the salvage pathway for GDP-fucose biosynthesis (3), a hypothesis can be formulated that L-rhamnose could influence the fucosylation and thereby the behavior of tumor cells. The fact that L-rhamnose can be converted into glycosides in mammalian cells has been indeed evidenced by sporadic discoveries of rhamnosides in mammals (14, 34) . Moreover, L-rhamnose, which penetrates by non-mediated diffusion into the cells (4), may be partially metabolized or join some human metabolic pathways (6, 13) . Although some synthetic ana-logues of L-rhamnose with significant cytostatic potency have been described (16, 20) , the possible effect of L-rhamnose itself on tumor cell viability and proliferation has hitherto not been elucidated.
As the first step to evaluate the potential of L-rhamnose in cancer treatment, we examined the effect of L-rhamnose on DNA and protein synthesis, growth and the potential induction of apoptosis of tumor cells in vitro. Using 2-DG for comparison, we studied the effect of Lrhamnose on the initial velocity of the incorporation of labeled precursors of DNA and proteins in short term cultures of both mouse Ehrlich ascites tumor (EAT) and human HL-60 cells in vitro, and further, on cell proliferation and apoptosis induction in HL-60 cells.
Material and Methods

Tumor cell lines
The ascitic Ehrlich mammary adenocarcinoma was maintained and propagated in NMRI mice (Konárovice breeding farm, Czech Republic) at 10-day intervals by intraperitoneal (i. p.) transplantations of 10 6 tumour cells. The care and handling of mice conformed to European Union recommendations on the handling of experimental animals.
The human promyelocyte leukemia cells HL-60 from the European Collection of Animal Cell Cultures (Porton Down, Salisbury, UK) were cultured in Iscove's modified Dulbecco's medium (Sigma-Aldrich Co, St. Louis, MO, USA) supplemented with a 20 % fetal calf serum in a humidified incubator at 37 °C and a controlled 5 % CO 2 atmosphere. The cultures were divided every 2 nd day by a dilution to a concentration of 2x10 5 cells/ml. The cell counts were performed with a hemocytometer, the cell membrane integrity was determined by using the Trypan blue exclusion technique. The cell lines in the maximal range of up to 20 passages were used for this study.
In vitro DNA and protein synthesis assay
The mouse EAT cells were obtained from the peritoneal cavity on day 7 after i. p. inoculation of 10 6 tumour cells in female NMRI mice. Cell suspensions were packed by lowspeed centrifugation (600 x g for 10 min at 4 °C). The cells were resuspended in Krebs III phosphate buffer (all components obtained from Sigma-Aldrich Co.), pH 7.4, without calcium but enriched with D-glucose (540 mg/l) and ascitic plasma (2.5 %, v/v). The cell suspensions were incubated for 150 min at 37 o C with the addition of [6-3 H]thymidine (70 kBq/ml of incubated suspension) and L-[U-14 C]-amino acid mixture (10 kBq/ml of incubated suspension) obtained from Lacomed s.r.o., Czech Republic and 2-DG or L-rhamnose (Sigma-Aldrich Co.). The cell density was 1.5x10 6 /ml cells/ml incubated suspension. Samples were taken at 30 min intervals from 0 to 180 min and processed by the method of Mattern using filter paper discs (17) . The activities of 5% trichloracetic acid-insoluble fractions were measured by liquid scintillation spectrometry (Triton scintillation fluid, Chemopetrol, Czech Rep.) and liquid scintillation counter Beckman LS6000 LL (Beckman Coulter, Inc., CA, USA). For the calculation of the initial velocity of precursors incorporation (v 0 ), the eq.
[1] was used: [1] where I t and I o are the activities of acid-insoluble fractions of 0.075 ml suspension samples taken at time t and 0, respectively. I max is the total (both acid-soluble and acid-insoluble) activity in 0.075 ml of the particular cell suspension. The empirical constant A is directly proportional to the rate of macromolecular biosynthesis; the constant B depends on the degradation of the acid-insoluble fraction (18) . For the calculation of IC 50 value, which is the concentration of inhibitor at which the initial velocity is 50 % of that of the uninfluenced control, linear regression of the dependence of v 0 on the logarithm of the inhibitor concentration, i.e. v 0 = a + b x log c, was performed. The software MS Excel 2003 a NCSS was used for the calculations and statistical evaluations.
Cell cycle analysis
Following the incubation, the cells were washed with cold PBS, fixed by 70% ethanol and stained with propidium iodide (PI) in Vindelov's solution for 30 minutes at 37 °C. Fluorescence (DNA content) was measured with Coulter Electronic (Hialeah, FL, USA) apparatus. A minimum of 5 000 cells analyzed in each sample served to determine the percentages of cells in each phase of the cell cycle using Multicycle AV software.
Lamin B cleavage
At various times after treatment, the HL-60 cells were washed with a PBS. The lysates containing an equal amount of protein (30 μg) were loaded into each lane of a SDS polyacrylamide gel. After electrophoresis, the proteins were transferred to a PVDF membrane. The membranes were blocked in TRIS-buffered saline containing 0.05 % Tween 20 and 5 % non-fat dry milk and then incubated with a primary antibody (Oncogene, Cambridge, MA, USA) at 4 °C overnight. After washing, the blots were incubated with a secondary antibody (Dako, High Wycombe, UK) and the signal was developed with a chemiluminiscence (ECL) detection kit (Boehringer Mannheim, Germany).
Results
DNA and protein biosynthesis
In EAT cells, the incorporation of both [6-3 H]-thymidine and L-[U-14 C]-amino acid mixture was significantly decreased when incubated with 2-DG (Tab. 1). The IC 50 values accounted for 1.87 and 3.64 mmol/l, respectively. In HL-60 cells, only the incorporation of [6-3 H]-thymidine was altered by 2-DG with the IC 50 of 19.31 mmol/l. The incorporation of labeled amino acids remained uninfluenced. It was found by testing that the slope b of "linear dependence of the incorporation initial velocity on the concentration logarithm" is practically equal to zero, so we can state that the incorporation initial velocity v 0 is practically independent of the inhibitor concentration.
In the presence of L-rhamnose, merely a slight inhibition of the [6-3 H]-thymidine incorporation rate in EAT cells was observed (at 20 mmol/l, 68.4 % of the control) (Tab. 1) but no significant inhibition in HL-60 cells (also HL-60 cells were exposed to L-rhamnose or 2-deoxyglucose in final concentration from 0,125 mmol/l to 32 or 16 mmol/l, resp., in full cultivating medium. The data represent mean values from three experiments ± standard deviation. HL-60 cells were exposed to L-rhamnose or 2-deoxyglucose in final concentration from 0,125 mmol/l to 16 mmol/l in full cultivating medium for 48 hours. The data represent mean values from three experiments ± standard deviation. HL-60 cells were exposed to 5 mmol/l L-rhamnose or 2-deoxyglucose for 24 h (A) or 72 h (B) and DNA content in each cell was measured by flowcytometry. 2-DG induced cell cycle arrest in G1 phase and consecutive apoptosis. Apoptosis was detected as subG1 peak, i. e. the cells with lower content of DNA than normal cells in G1 phase. here the slope b was found practically equal to zero; see above). Analogically, no significant alteration of L-[U- 14 C] amino acid mixture incorportion in the presence of L-rhamnose was noted.
Cell growth
At the beginning of the experiment, HL-60 cells were diluted to a concentration of 2x10 5 /ml. Exponential growth of control cells was apparent during the observation interval ( Fig. 1 ). 2-DG in a concentration of 0.5 mmol/l caused a decrease of proliferation (analyzed as the number of viable cells) in comparison with the control cells. 2-DG in concentrations 2-16 mmol/l completely inhibited proliferation of HL-60 cells (Fig. 1A) . When L-rhamnose was applied to the culture medium in concentrations of 0.125-32 mmol/l, no significant difference in the number of viable cells was observed compared to the control cells (Fig. 1B) . The inhibition of proliferation by 2-DG is concentration-dependent ( Fig. 2) and can be seen in cells exposed to 2-DG in concentrations of 0.5 mmol/l or higher from 48 h of incubation onwards. (Fig. 3A) . During apoptosis, nuclear DNA is specifically cleaved in internucleosomal sequences and small DNA fragments are produced. These fragments then leave the cells and thus apoptotic cells have a lower content of DNA then the cells in the G1 phase of the cell cycle. L-Rhamnose in the same concentration (5 mmol/l) does not affect distribution of the cells in cell cycle phases and does not induce apoptosis (Fig. 3B) .
Cell cycle and apoptosis
This observation was confirmed by detection of small fragments of lamin B. This fragment is produced by caspase cleavage of 68 kDa molecule of nuclear protein lamin B.
Fragments of lamin B were detected after both 24 and 72 hlong incubation of HL-60 cells with 2-DG, but they were not present after incubation with L-rhamnose ( Fig. 4) .
Discussion
In the present study, we compared the antitumor effect of two deoxyhexoses, 2-deoxy-D-glucose and L-rhamnose on both mouse EAT and human HL-60 tumor cell lines. Whereas 2-DG decreased the initial rate of DNA synthesis in both EAT and HL-60, as well as that of protein synthesis in EAT, L-rhamnose showed only a weak inhibition of the DNA synthesis and no significant influence on protein synthesis. We have shown in this study that 2-DG decreases proliferation, arrests cell cycles in G1 phase and induces apoptosis in human promyelocytic leukemia cells HL-60, while L-rhamnose has no effect on these processes.
The initial velocities of DNA and protein synthesis are two closely related markers of cell proliferation. As Müller et al. (22) showed for EAT cells, protein synthesis is an extremely energy demanding process. Thus, 2-DG which reduces the ATP production in tumor cells (9, 42) was therefore expected to inhibit the protein synthesis. Our results confirm this assumption. In contrast to 2-DG, L-rhamnose did not affect the protein synthesis and acted several times weaker on the DNA synthesis in EAT. This might be understood as an indication that L-rhamnose does not interfere with the energy metabolism, at least not in a similar manner as 2-DG. Nevertheless, the mechanism of the slight alteration of the DNA synthesis in EAT in the presence of L-rhamnose is not clear. In HL-60 cells the inhibition of DNA synthesis by 2-DG, is relatively inferior, which may be due to the absence of p53 (39) . The influence of the tested deoxysugars on protein synthesis in HL-60 was not evaluated because of abundant concentrations of amino acids in the medium necessary for the cell growth.
The applied method of dynamic monitoring of specific activities of NA and protein fractions has significant advantages when compared to conventional incorporation assays. The conventional assays for nucleic acids and/or protein synthesis measure only one point of the time-incorporation curve, while our dynamic monitoring allows for observing the kinetics of precursor incorporation. In addition, if a particular functional dependence is detected, even hardly assessable data having a high variance can be evaluated. The equation [1] is based on the theoretical concept of a homogeneous material flow with simultaneous isotope turnover according to the model of Neyman (18, 23) . This equation represents a solution of differential equations describing a steady state of the observed process in a closed system, where the analytical concentrations of both the macromolecules and their precursors do not vary within the incubation time. From the derivation of eq. [1] it follows that only the initial incorporation velocity is proportional to the biosynthesis rate. Initial incorporation velocity is directly proportional to the empirical constant A: Although the use of a mixture of amino acids may complicate the solution of kinetic relations, it can be considered to be more accurate compared to the use of a single amino acid (23) .
We have shown that 2-DG decreases proliferation and induces apoptosis in human promyelocytic leukemia cells HL-60 as determined by flow-cytometric analysis of cell DNA content, as well as by lamin B cleavage. 2-DG in concentrations of 5 mmol/l first (after 24 h) inhibits proliferation of the cells and induces changes in cell cycle: an increase of the number of cells in G1 phase, accompanied by a decrease in the number of cells in S and G2/M phase. This is followed by the occurrence of cells with a subG1 amount of DNA, i.e. apoptotic cells, 72 h after the beginning of exposure to 2-DG. It was reported by many studies that p53 lacking cells, including HL-60 cells, react to DNAdamaging factors (such as e.g. ionizing radiation or topoisomerase II inhibitors) preferentially by arrest of cell cycle in G2/M phase, which is followed by apoptosis induction (2, 15, 27, 31, 32, (36) (37) (38) . This was not observed after 2-DG treatment, indicating that direct damage to DNA is not responsible for the antitumor effect of 2-DG. This corresponds with findings of Aft et al. (1) and with the proposed mechanism of the antitumor effect of 2-DG: glycolysis inhibition and resulting energy depletion. This inference is also supported by the fact that the constant B [1] , which indicates DNA degradation does not increase with increases in 2-DG concentration, as shown in Tab. 1. Neither inhibition of proliferation, cell cycle changes, nor induction of apoptosis were observed after treatment of HL-60 cells with L-rhamnose.
Thus, it can be concluded that L-rhamnose in concentration up to 20 (32 resp.) mmol/l can not be considered as cytotoxic or cytostatic for the used in vitro tumor models and it may act differently than 2-DG. Nevertheless, the hypothetical analogy of L-rhamnose to L-fucose in the influence on the behavior of tumor cells in vivo may retain, the unexplored potential of L-rhamnose, which awaits future clarification.
